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a b s t r a c t
The heat capacity of ˛-Na2NpO4 has been measured for the ﬁrst time in the temperature range
2.1–301K using a Quantum Design PPMS (Physical Property Measurement System) calorimeter.
The heat capacity and entropy values at 298.15K have been derived as Cop,m(˛-Na2NpO4, cr,
298.15K) = (151.9±4.6) J K−1 mol−1 and Som(˛-Na2NpO4, cr, 298.15K) = (178.3±4.3) J K−1 mol−1, respec-
tively. The standard entropy of ˛-Na2NpO4 follows the trend shown by the isostructural compoundeywords:
eat capacity
ntropy
alorimetry
odium neptunate
˛-Na2UO4 and the alkaline earth uranates MgUO4, SrUO4, BaUO4, and Cs2UO4. When combined with the
entropies of the constituent elements, these data yield a standard entropy of formation at 298.15K as
fSom(˛-Na2NpO4, cr, 298.15K) =− (385.1±4.3) J K−1 mol−1. Using the enthalpy of formation tabulated in
the literature, the standard Gibbs energy of formation was calculated at 298.15K as fGom(˛-Na2NpO4,
cr, 298.15K) =(−1649.0 ±5.8) kJmol−1.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND. Introduction
The thermodynamic properties of the sodium uranate, neptu-
ate, and plutonate phases are essential for the safety assessment
f Sodium-cooled Fast Reactors (SFRs). In the potential event of
breach of the stainless steel cladding during reactor operation,
ernary sodium actinide oxides could form following the interac-
ion between the sodium metallic coolant and the nuclear fuel.
U, Pu)O2 mixed oxide fuel is the ﬁrst choice for SFRs because
f the long experience gained in terms of fabrication, reproce-
sing, and risk assessment. Moreover, with the view to improve
he sustainability of the fuel cycle and to reduce the volume of
henuclearwaste inventory, theGeneration IV International Forum
GIF) intends to include minor actinides such as (Np,Am,Cm) gen-
rated during irradiation into the fuel. Their re-irradiation allows
heir transmutation into radioactive elements with shorter half-
ives [1,2].
The structural [3–12] and thermodynamic [13,14] properties of
a–U–O ternary compounds are fairly well-known. By contrast,
he data available on the Na–Np–O and Na–Pu–O systems are very
imited [15–17,14]. Only the enthalpies of formationof˛-Na2NpO4,
-Na2NpO4, Na4NpO5, and Na2Np2O7 have been measured using
∗ Corresponding author at: Department of Materials Science and Metallurgy,
niversity of Cambridge, 27 Charles Babbage Road, Cambridge CB3 0FS, United
ingdom.
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040-6031/© 2015 The Authors. Published by Elsevier B.V. This is an open access article
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
solution calorimetry [18,19]. Recently, we have investigated the
vaporizationbehaviourof˛-Na2NpO4 usingKnudseneffusionmass
spectrometry [20], and have derived its enthalpy of formation
at 298.15K. To complete the thermodynamic description of this
phase, we report herein the measurement of its heat capacity in
the temperature range 2.1–301K. The thermodynamic functions of
these ternary phases are essential knowledge to derive the oxygen
potential thresholds required within the nuclear fuel and sodium
coolant for their formation, and therefore to predict the aftermath
of the fuel–sodium interaction.
2. Experimental method
The˛-Na2NpO4 materialwas prepared fromneptuniumdioxide
(237NpO2, ORNL, Oak Ridge) and sodium oxide (Na2O 80%+Na2O2
20%, Alfa Aesar) mixed in stoichiometric amounts as described
in [20], and the sample purity veriﬁed by X-ray diffraction at
room temperature and ICP-MS analysis. The X-ray diffraction
measurements were performed using a Bruker D8 X-ray diffrac-
tometer mounted in the Bragg–Brentano conﬁguration with a
curved Ge monochromator (111) and a ceramic copper tube
(40kV, 40mA), and equipped with a LinxEye position sensitive
detector. The data were collected by step scanning in the angle
range 10◦≤2≤ 120◦, with an integration time of about 8h, a
count step of 0.02◦ (2), and a dwell of 5 s/step. Structural anal-
ysis was performed by the Rietveld method with the Fullprof2k
suite [21]. No secondary phases were detected with this tech-
nique. ˛-Na2NpO4 has an orthorhombic structure, in space group
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Heat capacity data in zero magnetic ﬁeld of ˛-Na2NpO4 (present work) ()
and˛-Na2UO4 (measuredbyOsborne et al. [24]) ( ). The inset shows thedata below
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Table 1
Summary of ﬁtting parameters of the heat capacity of Na2NpO4 below 6.0K.
Parameters
B3/mJmol−1 K−4 2.79
B5/mJmol−1 K−6 −7.39229 ·10−2
B7/mJmol−1 K−8 1.18292 ·10−3
Schottky effect arising from the magnetic hyperﬁne splitting inter-
action between the unpaired 5f electron and the magnetic moment
at theNpnucleus (I=5/2).However, thephysical origin of this slight
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)0K. The harmonic lattice and cubic spline polynomial ﬁtting are shown as a blue
ine. (For interpretation of the references to colour in this ﬁgure legend, the reader
s referred to the web version of this article.)
bam, with lattice parameters a=0.9715(3) nm, b=0.5732(3) nm,
=0.3459(3) nm [15]. The ICP-MS analysis yielded a sodium to
eptunium ratio of (2.01±0.04).1 The mass fraction purity of the
ample purity was therefore evaluated as > 0.99.
The low temperature heat capacity measurements were per-
ormed in the temperature range 2.1–301K with a PPMS (Physical
roperty Measurement System, Quantum Design) instrument, in
he absence of a magnetic ﬁeld. This technique is based on a relax-
tion method, which was critically assessed by Lashley et al. [22].
he measurements were carried out on 17.83(5)mg of material
ncapsulated in Stycast 2850 FT, and the heat capacity contribution
f the Stycast subtracted from the recorded data. A more detailed
escription of the experimental procedure, which is particularly
ell adapted to the study of radioactive materials, was given in
23]. The contribution of the sample platform, wires and grease
as also deduced by a separate measurement of an addenda curve.
onsidering the accuracy of the PPMS instrument as estimated by
ashley et al. [22], the reproducibility of the measurements, and
he error introduced by the encapsulation procedure in Stycast of
his radioactive material [23], the ﬁnal uncertainty was estimated
t about 1–2% in the middle range of acquisition (10–100K), and
eaching about 3% at the lowest temperatures and near room tem-
erature. Self-heating effects coming from the radioactive decay of
37Np were considered, but appeared negligible. The use of Stycast
s the main contributor to the uncertainties on the heat capacity
nd entropy values quoted hereafter.
. Results and discussion
.1. Thermodynamic functions
The low temperature heat capacity data measured in the tem-
erature range 2.1–301K in the absence of a magnetic ﬁeld are
isted in Table 3, and shown in Fig. 1 together with the data for
he isostructural compound ˛-Na2UO4. The heat capacity at low
emperatures of ˛-Na2UO4 was measured by Osborne et al. in the
emperature range 5–350K using adiabatic calorimetry [24].
1 The uncertainty is an expanded uncertainty U= k ·uc where uc is the combined
tandard uncertainty estimated following the ISO/BIPM Guide to the Expression of
ncertainty in Measurement. The coverage factor is k=2.Temp. range/K 3.7–6.0
RMS% 0.037
An anomaly is observed around 12.5K, which is shifted to
slightly lower values when a magnetic ﬁeld is applied, while the
transition remains relatively sharp, as reported in [25]. A careful
and detailed analysis of this feature usingMössbauer spectroscopy,
magnetization, and magnetic susceptibility measurements, as well
as the derivation of its associated electronic entropy contribution,
will be published in [25].
As the temperature approaches 298.15K, the speciﬁc heat of ˛-
Na2NpO4 reaches a value about 20 JK−1 mol−1 below the classical
Dulong–Petit limit (Clat =3nR≈174.6 J K−1 mol−1 for then=7atoms
in the formula unit), sign that the associated Debye temperature
is relatively high. The latter temperature could unfortunately not
be extracted from the present (Cp,m/T) = f(T2) data due to the occur-
renceof an anomaly at 12.5K.Whenﬁtting thedata ofOsborne et al.
[24]below17K to theequationCp,m/T=˛T2, theDebye temperature
of the isostructural sodium uranate was estimated at 287.5K (the
electronic contribution was zero as expected for such an orange
insulating material).
The heat capacity curve was ﬁtted between 3.7 and 6.0K using
an harmonic-latticemodel [26]with three terms, i.e., Clatt =
∑
BnTn,
where n=3, 5, 7. The electronic contribution represented with a lin-
ear term T [27] is zero for such a forest green insulating material.
The corresponding coefﬁcients are listed in Table 1. The collected
experimental data showedaslight re-increasebelow3.7Kasvisible
in Fig. 2, which is not reproduced with the latter harmonic model.
Self-heating effects coming from the radioactive decay of 237Np
were considered, but appeared negligible. The occurrence of a sec-
ond transition below 2.1K, possibly of magnetic nature, could be
possible. Alternatively, this increase could be the sign of a nuclear0 50 100 150 200 250 300 350
0.0
T / K
Fig. 2. Cp/T as a function of temperature for ˛-Na2NpO4 (present work) () and
˛-Na2UO4 (measured by Osborne et al. [24]) ( ). The inset shows the data below
20K. The harmonic lattice and cubic spline polynomial ﬁtting are shown as a blue
line. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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Na2MO4(cr) 2Na+(g) + M6+(g)  +  4O2- (g)
2Na(g)    + M(g)     +  4O(g)
2 IP(Na) Σi=1…6 IP(M) 4 EA(O)
-UBH
∆ Ho (Na MO )
2Na(cr)  + M(cr)    +  2O2(g)
2 ∆fH
o
m(Na,g) ∆fH
o
m(M,g) 2∆dissH
o
m(O2)
f m 2 4A.L. Smith et al. / Thermoch
aise cannot be determined with the present data. The entropy
alculation reported below does not consider this effect since its
rigin remains unclear. In addition, its contribution is negligible at
98.15K within the experimental uncertainties.
Between 6.0 and 14.6K, the sharp  transition was ﬁtted using
series of cubic spline polynomials. The data collected above
=14.6K were described using polynomial functions as expressed
n Eqs. (1) and (2):
Cop,m = 2.36159 + 0.06534T + 13.62 ·10−3T2 − 7.36810 ·10−5T3
−1754.834T−2 + 17240.982T−3 (14.6–85.5K)
(1)
= −18.05039 + 1.20917T − 2.82 ·10−3T2 + 2.28182 ·10−6T3
−35866.714T−2 (85.5–301.0K)
(2
The heat capacity value at 298.15K was obtained by interpo-
ation, yielding Cop,m(˛ − Na2NpO4, cr, 298.15K) = (151.9 ± 4.6)2
K−1 mol−1. The experimental standard entropy at 298.15K was
btained using the aforementioned functions by integration of
he curve (Cp,m/T) = f(T), yielding Som(˛ − Na2NpO4, cr, 298.15K) =
178.3 ± 4.3) J K−1 mol−1. Finally, standard thermodynamic func-
ions were calculated at selected temperatures between (0 and
00K) and are listed in Table 4.
Combining our newly determined value of the standard entropy
f ˛-Na2NpO4 with the values for sodium [28,14], neptunium [29],
nd oxygen [28], the standard entropy of formation of ˛-Na2NpO4
as calculated as fSom(˛ − Na2NpO4, cr, 298.15K) = −(385.1 ±
.3) J K−1 mol−1. Considering the enthalpy of formation derived
t 298.15K by Goudiakas et al. using solution calorimetry [18,14],
he standard Gibbs energy of formation was derived at 298.15K as
fG
o
m(˛ − Na2NpO4, cr, 298.15K) = −(1649.0 ± 5.8) kJmol−1.
.2. Relative stability of the uranate and neptunate
It is interesting to compare the derived Gibbs energy of forma-
ion with that reported for the structural analogue ˛-Na2UO4, i.e.,
(1779.3 ± 3.5) kJmol−1 [13,14]. Considering the hypothetical dis-
olution reaction (3) for Na2MO4 (M=U,Np), the reaction Gibbs
nergy is expressed by relation (4), where Na2MO4 and MO
2+
2 have
he same electronic state.
a2MO4(cr) + 4H+(aq) = 2Na+(aq) + MO2+2 (aq) + 2H2O(l) (3)
rG
o
m(T) = 2fGom(Na+, aq, T) + 2fGom(H2O, l, T)
−4fGom(H+, aq, T) + fGom(MO2+2 , aq, T)
−fGom(Na2MO4, cr, T)
= f (T) + fGom(MO2+2 , aq, T)
−fGom(Na2MO4, cr, T) (4)
The Gibbs energies of formation of the species Na2MO4
nd MO2+2 are the only terms that differ between the expres-
ions of the dissolution energies of the sodium uranate and
eptunate compounds. The other terms can be expressed as
(T), independent of the actinide element. The Gibbs energies
f formation of the uranium and neptunium aqua ions were
eported at 298.15K as −(952.551±1.747) kJmol−1 [14] and
(795.939±5.615) kJmol−1 [14], respectively. Those for Na+(aq),
+(aq), and H2O(l) were tabulated as −(261.953±0.096) kJmol−1,
kJmol−1, and −(237.140±0.041) kJmol−1 [14], respectively.
sing the latter values, theGibbs energies of dissolution arederived
2 The encapsulation procedure in Stycast is the main contributor (3%) to the
uoted combined standard uncertainty. The error associated with the polynomial
t (0.5%) contributes very little.Fig. 3. Born–Haber enthalpy cycle for Na2MO4(cr) (M=U,Np).
at 298.15K as −(171.4±3.9) kJmol−1 and −(145.1±8.1) kJmol−1
for Na2UO4 and Na2NpO4, respectively. The sodium neptunate
appears slightly more stable than the sodium uranate, even if the
difference remains small considering the uncertainty ranges.
The enthalpy of formation of ˛-Na2MO4 (M=U,Np) can be
expressed as followsusing aBorn–Haber enthalpy cycle (see Fig. 3):
fH
o
m(Na2MO4, cr, 298.15K)
= 2fHom(Na, g, 298.15K) + fHom(M, g, 298.15K)
+4fHom(O, g, 298.15K) + 2 IP1(Na)
+ (IP1 + IP2 + IP3 + IP4 + IP5 + IP6)(M) + 4 (EA)(O) − UBH (5)
where IP1(Na) is the ﬁrst ionization potential of Na(g), IPi(M) (i=1,
2, 3, 4, 5, 6) the ﬁrst to sixth ionization potentials of (M=U,Np),
(EA)(O) the electron afﬁnity of oxygen, and UBH the lattice energy
(UBH >0).
The lattice energy corresponds to the molar enthalpy change
associated with the disruption of a solid lattice and formation
of ionized gaseous species [30]. The lattice enthalpy is often
used to discuss trends in stability in related compounds [30]. Its
value is large and positive as the process is endothermic. One
can expect a larger lattice energy for the neptunium compound
since the average neptunium–oxygen bond length in the NpO6
octahedra of Na2NpO4 (0.1978(5) nm) [15] is shorter than the aver-
age uranium–oxygen bond length in Na2UO4 (0.2095(2) nm) [8]
according to Rietveld reﬁnements of the corresponding structures.
Nevertheless, the enthalpy of formation of the sodium neptunate
is (133.8±10.5) kJmol−1 more positive than that of its uranium
analogue reported as −(1897.7±3.5) kJmol−1 [13,14].
The enthalpy of formation fHom(M,g,298.15K), the lattice
energy, and the ﬁrst to sixth ionization potentials IPi(M) differ
between theexpressionsof theBorn–Haberenthalpiesof formation
of the sodium uranate and neptunate. The enthalpies of sublima-
tion or enthalpies of formation of U(g) and Np(g) were reported
as (533.0±8.0) kJmol−1 and (465.1±3.0) kJmol−1 [14], respec-
tively. The difference is negative and amounts to −(67.9±8.5)
kJmol−1. The corresponding term can therefore not explain the
difference in formation enthalpies between ˛-Na2UO4 and ˛-
Na2NpO4. Moreover, the lattice energy is expected to be larger
for the neptunate as detailed previously. The results obtained for
the enthalpies of formation must hence be related to the ﬁrst to
sixth ionization potentials of the uranium and neptunium. U has
the electronic conﬁguration [Rn]5f36d17s2, while Np has the con-
ﬁguration [Rn]5f46d17s2. The ﬁrst ionization potentials of U and
Np were measured experimentally by resonance ionization mass
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/nR at T=298.15K of various alkaline earth uranates
AnUO4 () and of ˛-Na2NpO4 ( ) versus the relative difference in Shannon’s ionic
radii, rA − rB/rB . B stands for the uranium or neptunium cation. The ordering entropy
of CaUO4 is shown for comparison (⊗).
Table 2
Summary of thermodynamic data for ˛-Na2NpO4.
Phase Na2NpO4 Refs.
fHom (298.15K)/(kJmol
−1) −(1763.8±5.7) [18,14]
Som (298.15K)/(J K
−1 mol−1) 178.3±4.3 This work32 A.L. Smith et al. / Thermoch
pectrometry and determined to be 6.1939(3) and 6.2655(2) eV
31], respectively. The second to fourth ionization potentials were
stimated by Cao and Dolg [32] using relativistic ab initio pseu-
opotential calculations corrected for spin–orbit effects. The ﬁrst
hree ionization potentials correspond to electrons in the 6d and 7s
hells, and the sum IP1,2,3(M) amounts to 36.89 and 37.54 eV for
he uranium and neptunium, respectively [31,32]. When consid-
ring the errors of the applied pseudopotentials with respect to
ll-electron multi-conﬁguration self-consistent ﬁeld calculations
pplying the Dirac–Coulomb Hamiltonian [32], the calculation
ives 36.91 and 37.49 eV, respectively. The difference between
IP1,2,3(U) and IP1,2,3(Np) equals (0.58–0.65) eV, i.e., (56.0–62.7)
Jmol−1. The fourth ionization potentials of uranium and neptu-
iumwere reportedas33.17 eVand34.27 eV, respectively,with the
elativistic ab initio pseudopotential calculations [32]. They were
ound as 32.76 and 33.84 eV, respectively, when correcting for the
rrors of the applied pseudopotentials [32]. The difference between
P4(U) and IP4(Np) is (1.08–1.1) eV or (104.2–106.1) kJmol−1. It is
ence suggested that these differences, and those probably simi-
ar for the ﬁfth and sixth ionization potentials, could explain the
133.8±10.5) kJmol−1 difference between the enthalpy of forma-
ion of the sodium uranate and sodium neptunate compounds.
.3. Comparison with the alkali and alkaline earth uranates
The heat capacity and entropy at 298.15K of ˛-Na2NpO4
ppear 5.2 and 12.2 J K−1 mol−1 higher, respectively, than
or the isostructural uranium analogue: Cop,m(˛-Na2UO4,
r, 298.15K) = (146.7±0.5) J K−1 mol−1 and Som(˛-Na2UO4,
r, 298.15K) = (166.0±0.5) J K−1 mol−1 [14]. The empirical
eumann–Kopp (NK) rule, which states that the heat capac-
ty of a solid is the sum of the heat capacity of its constituent
hemical components, is usually a good approximation for the
stimation of the heat capacity at 298.15K [33]. From the data of
pO2 [34] and Na2O2 [35], the heat capacity of ˛-Na2NpO4 can be
stimated as 155.5 J K−1 mol−1, in very good agreement with our
xperimental results. The comparison is not ideal, however, as the
eptunium adopts different oxidation states in ˛-Na2NpO4 and
pO2 (namely (VI) and (IV), respectively), as well as a different
oordination environment around the neptunium cation (6-fold
oordinated in ˛-Na2NpO4, but 8-fold coordinated in NpO2).
or comparison, the Neumann–Kopp rule leads for ˛-Na2UO4
o 152.9 J K−1 mol−1 when considering the data of UO2 [34] and
a2O2 [35], and 150.8 J K−1 mol−1 when considering the data of
O3 [34] and Na2O [35].
If the heat capacity of a material can be predicted quite accu-
atelywith theNK rule, this is not the case for the standard entropy,
hich usually gives quite different values experimentally to those
btained with the simple sum of the composing phases. To com-
are the entropy values of analogous compounds in a generic way,
onings proposed a general description of the entropy of a double
xide AxByOz as the sum of the entropies of the composing oxides
ddedwith amixing termand an ordering term [36]. Normalised to
nemetal atom(x+ y=1) andapplied to thealkali andalkalineearth
ranates, i.e., AnUO4, which are of interest in the present study, this
an be expressed as:
o(A1−xUVIx O4x) =
(1 − x)
a
· So(AaO) + x1 · S
o(-UVIO3) + Somix + Soord
(6)here Somix is the ideal mixing entropy equal to
R(xln(x) + (1− x)ln(1− x)), and Soord is the difference between
he hypothetical randomly mixed (ideal) solution phase and the
rdered crystal phase. Soord represents ameasure of the difference inCop,m (298.15K)/(J K
−1 mol−1) 151.9±4.6 This work
fGom (298.15K)/(kJmol
−1) −(1649.0±5.8) This work
the lattice dynamics between the pure oxides and the compound,
and originates mainly from the differences in cation coordination.
Previous studies by Popa et al. [37] and Konings et al. [38] have
evidenced that Soord related very well, for the series AnUO4, with
the Pauling ionic radius of the alkali and alkaline earth cation.
With a view to generalise his description, [36] suggested to express
Soord/nR, where n is the number of atoms in the compound, and R is
the universal gas constant, as a function of the relative difference in
Shannon’s ionic radii between the two cations A and B (B=uranium
in this case), i.e., |rA − rB|/rB. The author found that the order-
ing entropy of the alkaline earth uranates MgUO4, SrUO4, BaUO4,
Cs2UO4, and Na2UO4 showed a simple linear relationship with
|rA − rB|/rB, i.e., Soord/nR = −0.49 × x (Fig. 4) [36]. One condition for
the applicability of this relation was an identical coordination of U
in the uranate and in UO3. CaUO4 was found outside of the general
trend, mainly due to the 8-fold coordination of U in the compound,
compared to the 6-fold coordination in UO3.
The ordering entropy of our compound ˛-Na2NpO4 was cal-
culated with the aforementioned approach as written in Eq. (7).
Neptunium is 6-fold coordinated in this compound isostructural
with ˛-Na2UO4. As no oxide of neptunium is stable in the oxidation
state (VI), we have approximated the entropy of the hypothetical
compound H−NpO3 with the value found in the literature for -
UO3 plus the electronic entropy contribution of Np6+ (minus the
electronic contribution of U6+ which is zero) as expressed in Eq.
(8):
So(Na2/3Np1/3O4/3) =
(1 − 1/3)
2
· So(Na2O) +
1/3
1
· So(H − NpO3)
+ Somix + Soord (7)So(H − NpO3) = So(-UO3) + Soel(Np6+) − Soel(U6+) (8)
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Table 3
Experimental heat capacity dataa for Na2NpO4 measured at p=1.275mPa.b
T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R
301.03 152.19 18.30 88.01 63.390 7.624 25.54 10.035 1.207 7.43 0.68651 0.08257
295.60 152.09 18.29 86.69 62.274 7.490 25.14 9.7829 1.177 7.32 0.65198 0.07842
291.16 150.30 18.08 85.38 61.147 7.354 24.76 9.5137 1.144 7.21 0.62013 0.07458
286.79 148.84 17.90 84.10 60.099 7.228 24.38 9.2425 1.112 7.10 0.58908 0.07085
282.49 148.57 17.87 82.83 59.062 7.104 24.01 8.9696 1.079 6.99 0.55891 0.06722
278.25 148.40 17.85 81.58 58.042 6.981 23.66 8.7069 1.047 6.85 0.54049 0.06501
274.09 147.62 17.75 80.37 57.040 6.860 23.30 8.4669 1.018 6.74 0.51165 0.06154
269.97 146.68 17.64 79.16 55.980 6.733 22.91 8.2054 0.9869 6.63 0.48608 0.05846
265.93 146.14 17.58 77.97 54.976 6.612 22.58 7.9727 0.9589 6.52 0.46040 0.05537
261.93 145.11 17.45 76.79 53.975 6.492 22.25 7.7453 0.9315 6.42 0.43663 0.05251
258.01 144.37 17.36 75.64 52.986 6.373 21.87 7.4701 0.8984 6.31 0.41577 0.05001
254.15 143.89 17.31 74.50 52.004 6.255 21.44 7.1940 0.8652 6.21 0.39485 0.04749
250.33 143.03 17.20 73.37 51.063 6.141 21.03 6.9339 0.8340 6.11 0.37490 0.04509
246.57 142.12 17.09 72.27 50.088 6.024 20.84 6.8053 0.8185 6.01 0.35696 0.04293
242.88 141.35 17.00 71.18 49.136 5.910 20.35 6.5073 0.7827 5.91 0.33900 0.04077
239.23 140.43 16.89 70.11 48.187 5.796 20.21 6.4033 0.7701 5.82 0.32442 0.03902
235.63 139.32 16.76 69.05 47.272 5.686 19.77 6.1344 0.7378 5.72 0.30973 0.03725
232.09 138.20 16.62 68.01 46.346 5.574 19.60 6.0246 0.7246 5.63 0.29449 0.03542
228.60 137.35 16.52 66.99 45.431 5.464 19.22 5.7914 0.6965 5.54 0.27982 0.03365
225.18 136.55 16.42 65.99 44.513 5.354 19.05 5.6738 0.6824 5.45 0.26727 0.03215
221.80 135.51 16.30 65.00 43.585 5.242 18.66 5.4510 0.6556 5.36 0.25442 0.03060
218.47 134.60 16.19 64.02 42.685 5.134 18.51 5.3523 0.6437 5.27 0.24251 0.02917
215.18 133.66 16.08 63.06 41.791 5.026 18.13 5.1418 0.6184 5.19 0.23133 0.02782
211.96 132.59 15.95 62.11 40.933 4.923 17.85 4.9751 0.5984 5.11 0.22276 0.02679
208.77 131.59 15.83 61.18 40.089 4.822 17.59 4.8219 0.5799 5.02 0.21299 0.02562
205.64 130.50 15.70 60.26 39.244 4.720 17.34 4.6806 0.5629 4.94 0.20393 0.02453
202.55 129.49 15.57 59.35 38.437 4.623 17.08 4.5298 0.5448 4.86 0.19601 0.02357
199.51 128.43 15.45 58.45 37.639 4.527 16.80 4.3864 0.5276 4.78 0.18636 0.02241
196.52 127.18 15.30 57.57 36.835 4.430 16.54 4.2518 0.5114 4.71 0.17945 0.02158
193.56 126.06 15.16 56.60 35.953 4.324 16.29 4.1183 0.4953 4.63 0.17245 0.02074
190.64 124.79 15.01 55.65 35.094 4.221 16.05 3.9920 0.4801 4.56 0.16460 0.01980
187.78 123.57 14.86 54.76 34.265 4.121 15.82 3.8733 0.4659 4.49 0.15897 0.01912
184.95 122.47 14.73 54.04 33.593 4.040 15.58 3.7537 0.4515 4.41 0.15396 0.01852
182.17 121.41 14.60 53.11 32.732 3.937 15.34 3.6384 0.4376 4.34 0.14800 0.01780
179.44 120.06 14.44 52.40 32.055 3.855 15.10 3.5225 0.4237 4.27 0.14273 0.01717
176.75 118.97 14.31 51.62 31.335 3.769 14.87 3.4154 0.4108 4.21 0.13735 0.01652
174.09 117.60 14.14 50.86 30.672 3.689 14.64 3.3122 0.3984 4.14 0.13205 0.01588
171.48 116.41 14.00 50.09 29.999 3.608 14.42 3.2156 0.3868 4.07 0.12757 0.01534
168.90 115.09 13.84 49.32 29.285 3.522 14.20 3.1279 0.3762 4.01 0.12177 0.01465
166.36 113.93 13.70 48.55 28.580 3.437 13.99 3.0468 0.3664 3.94 0.11908 0.01432
163.87 112.83 13.57 47.80 27.891 3.355 13.79 2.9805 0.3585 3.88 0.11518 0.01385
161.40 111.59 13.42 47.05 27.197 3.271 13.58 2.9230 0.3516 3.82 0.11083 0.01333
158.98 110.42 13.28 46.31 26.524 3.190 13.37 2.8799 0.3464 3.76 0.10912 0.01312
156.58 109.21 13.14 45.59 25.901 3.115 13.16 2.8580 0.3437 3.70 0.10205 0.01227
154.23 108.04 12.99 44.86 25.264 3.039 12.96 2.8689 0.3450 3.64 0.10205 0.01227
151.91 106.75 12.84 44.21 24.717 2.973 12.76 2.9377 0.3533 3.59 9.9020 ·10−2 0.01191
149.62 105.69 12.71 43.48 24.084 2.897 12.57 3.0919 0.3719 3.53 9.6870 ·10−2 0.01165
147.37 104.47 12.56 42.81 23.508 2.827 12.38 3.3120 0.3983 3.47 9.5010 ·10−2 0.01143
145.15 103.32 12.43 42.14 22.913 2.756 12.20 3.3999 0.4089 3.42 9.1340 ·10−2 0.01099
142.97 102.06 12.27 41.50 22.369 2.690 12.01 3.3446 0.4023 3.36 8.9970 ·10−2 0.01082
140.81 100.88 12.13 40.87 21.844 2.627 11.85 3.2325 0.3888 3.31 8.8330 ·10−2 0.01062
138.67 99.644 11.98 40.25 21.328 2.565 11.66 3.0897 0.3716 3.26 8.6150 ·10−2 0.01036
136.60 98.409 11.84 39.49 20.728 2.493 11.49 2.9500 0.3548 3.20 8.3980 ·10−2 0.01010
134.54 97.202 11.69 39.05 20.383 2.452 11.32 2.8053 0.3374 3.15 8.2980 ·10−2 9.9802 ·10−3
132.52 95.992 11.55 38.26 19.768 2.378 11.15 2.6673 0.3208 3.10 8.1270 ·10−2 9.7745 ·10−3
130.53 94.600 11.38 37.91 19.463 2.341 10.98 2.5381 0.3053 3.06 7.9930 ·10−2 9.6134 ·10−3
128.57 93.431 11.24 37.10 18.864 2.269 10.82 2.4130 0.2902 3.01 7.8520 ·10−2 9.4438 ·10−3
126.64 92.277 11.10 36.75 18.526 2.228 10.65 2.2910 0.2755 2.96 7.7210 ·10−2 9.2862 ·10−3
124.73 91.069 10.95 36.03 17.966 2.161 10.49 2.1732 0.2614 2.92 7.6070 ·10−2 9.1491 ·10−3
122.86 89.810 10.80 35.41 17.523 2.108 10.33 2.0645 0.2483 2.87 7.5250 ·10−2 9.0505 ·10−3
121.02 88.638 10.66 34.84 17.098 2.056 10.18 1.9627 0.2361 2.83 7.3660 ·10−2 8.8593 ·10−3
119.19 87.396 10.51 34.29 16.697 2.008 10.03 1.8653 0.2243 2.78 7.3620 ·10−2 8.8545 ·10-3
117.41 86.165 10.36 34.09 16.428 1.976 9.88 1.7736 0.2133 2.74 7.2290 ·10−2 8.6945 ·10−3
115.63 84.913 10.21 33.32 15.912 1.914 9.72 1.6847 0.2026 2.70 7.1860 ·10−2 8.6428 ·10−3
113.89 83.702 10.07 32.80 15.483 1.862 9.58 1.6038 0.1929 2.65 7.1200 ·10−2 8.5634 ·10−3
112.18 82.488 9.921 32.29 15.119 1.818 9.44 1.5222 0.1831 2.62 6.9780 ·10−2 8.3926 ·10−3
110.50 81.275 9.775 31.79 14.757 1.775 9.30 1.4498 0.1744 2.57 6.9070 ·10−2 8.3072 ·10−3
108.83 80.067 9.630 31.58 14.504 1.744 9.16 1.3788 0.1658 2.54 6.8990 ·10−2 8.2976 ·10−3
107.20 78.880 9.487 30.83 13.939 1.677 9.02 1.3096 0.1575 2.50 6.7950 ·10−2 8.1725 ·10−3
105.58 77.665 9.341 30.63 13.762 1.655 8.89 1.2463 0.1499 2.46 6.8820 ·10−2 8.2771 ·10−3
103.99 76.436 9.193 29.89 13.260 1.595 8.75 1.1868 0.1427 2.43 6.7530 ·10−2 8.1220 ·10−3
102.42 75.223 9.047 29.70 13.076 1.573 8.62 1.1278 0.1356 2.39 6.7910 ·10−2 8.1677 ·10−3
100.88 74.050 8.906 29.23 12.719 1.530 8.49 1.0724 0.1290 2.35 6.7050 ·10−2 8.0643 ·10−3
99.36 72.798 8.756 28.78 12.374 1.488 8.36 1.0200 0.1227 2.32 6.6580 ·10−2 8.0077 ·10−3
97.86 71.583 8.609 28.37 12.062 1.451 8.24 0.97017 0.1167 2.29 6.6740 ·10−2 8.0270 ·10−3
96.38 70.365 8.463 27.91 11.722 1.410 8.12 0.92307 0.1110 2.25 6.5950 ·10−2 7.9320 ·10−3
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Table 3 (Continued)
T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R T/K Cp,mc Cp,m/R
94.92 69.180 8.320 27.51 11.425 1.374 8.00 0.87669 0.1054 2.22 6.6120 ·10−2 7.9524 ·10−3
93.50 67.985 8.177 27.08 11.110 1.336 7.88 0.83434 0.1003 2.19 6.4470 ·10−2 7.7540 ·10−3
92.10 66.876 8.043 26.67 10.807 1.300 7.77 0.79555 0.09568 2.16 6.3530 ·10−2 7.6409 ·10−3
90.72 65.756 7.909 26.32 10.559 1.270 7.65 0.75490 0.09079 2.13 6.3130 ·10−2 7.5928 ·10−3
89.36 64.571 7.766 25.94 10.286 1.237 7.56 0.72570 0.08728
R is the ideal gas constant equal to 8.3144621 JK−1 mol−1.
a The standard uncertainties u on the temperature are: u(T) = 0.01K for 1.9 < T/K<20, u(T) = 0.02K for 20< T/K<100, u(T) = 0.05K for 100< T/K<300. The combined relative
standard uncertainties on the values of the heat capacities are determined to be ur(Cp,m) = 0.03 for T/K<10, ur(Cp,m) = 0.01 for 10< T/K<70, ur(Cp,m) = 0.02 for 70< T/K<100,
ur(Cp,m) = 0.025 for 100< T/K<150, and ur(Cp,m) = 0.03 for T/K>150.
b The standard uncertainty u on the pressure is: u(p) = 0.006mPa.
c Cp,m is expressed in J K−1 mol−1.
Table 4
Standard thermodynamic functions for Na2NpO4. om(T) = Som(T) − [Hom(T) − Hom(0)]/T .a
T/K Cop,m (J K
−1 mol−1) Som (J K
−1 mol−1) Hom(T) − Hom(0) (kJmol−1) om(T) (J K−1 mol−1)
0 0 0 0
1 0.00272 9.19794 ·10−4 6.9200 ·10−7 0.000228
2 0.02011 0.00700 1.0433 ·10−5 0.001780
3 0.05995 0.02190 4.8529 ·10−5 0.005720
4 0.12224 0.04716 1.3785 ·10−4 0.012700
5 0.21016 0.08326 3.0128 ·10−4 0.023010
6 0.35896 0.13324 5.7767 ·10−4 0.036960
7 0.56973 0.20313 1.0300 ·10−3 0.055440
8 0.87712 0.29813 1.7500 ·10−3 0.079540
9 1.2972 0.42450 2.8300 ·10−3 0.11053
10 1.8486 0.58848 4.3900 ·10−3 0.14978
10.5 2.1794 0.68653 5.3900 ·10−3 0.17295
11 2.5545 0.79637 6.5700 ·10−3 0.19874
11.5 2.9523 0.91864 7.9500 ·10−3 0.22734
12 3.3337 1.0528 9.5300 ·10−3 0.25890
12.5 3.1945 1.1893 0.011200 0.29342
13 2.8647 1.3064 0.012690 0.33019
13.5 2.8995 1.4146 0.014120 0.36836
14 3.0425 1.5224 0.015610 0.40764
15 3.4667 1.7462 0.018850 0.48934
16 3.9464 1.9849 0.022560 0.57523
17 4.4837 2.2401 0.026770 0.66553
18 5.0610 2.5125 0.031540 0.76046
19 5.6671 2.8023 0.036900 0.86018
20 6.2950 3.1088 0.042880 0.96485
25 9.6520 4.8683 0.082620 1.5635
30 13.279 6.9449 0.13985 2.2834
35 17.144 9.2791 0.21581 3.1132
40 21.224 11.832 0.31164 4.0413
45 25.491 14.577 0.42836 5.0578
50 29.904 17.490 0.56680 6.1540
55 34.421 20.551 0.72758 7.3227
60 38.991 23.742 0.91110 8.5571
65 43.566 27.044 1.1175 9.8515
70 48.093 30.439 1.3467 11.200
75 52.519 33.908 1.5983 12.598
80 56.792 37.435 1.8716 14.040
85 60.856 41.001 2.1658 15.521
90 65.168 44.601 2.4808 17.036
95 69.352 48.237 2.8172 18.583
100 73.362 51.897 3.1741 20.157
110 80.909 59.248 3.9459 23.376
120 87.894 66.592 4.7904 26.672
130 94.375 73.886 5.7021 30.023
140 100.39 81.103 6.6763 33.415
150 105.98 88.222 7.7085 36.832
160 111.17 95.230 8.7946 40.263
170 115.98 102.12 9.9307 43.700
180 120.43 108.87 11.113 47.133
190 124.55 115.50 12.338 50.558
200 128.34 121.98 13.603 53.967
210 131.83 128.33 14.904 57.358
220 135.03 134.54 16.239 60.726
230 137.97 140.61 17.604 64.067
240 140.64 146.53 18.997 67.380
250 143.07 152.33 20.416 70.663
260 145.28 157.98 21.858 73.913
270 147.27 163.50 23.321 77.129
273.15 147.85 165.21 23.785 78.135
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Table 4 (Continued)
T/K Cop,m (J K
−1 mol−1) Som (J K
−1 mol−1) Hom(T) − Hom(0) (kJmol−1) om(T) (J K−1 mol−1)
280 149.06 168.89 24.802 80.310
290 150.67 174.15 26.301 83.456
298.15 151.86 178.34 27.534 85.993
300 152.11 179.28 27.815 86.565
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Np6+ corresponds to a [Rn]5f1 electronic conﬁguration, with a
F5/2 ground state manifold, and 2F7/2 ﬁrst excited state arising
rom spin–orbit coupling. The 2F5/2 ground state manifold shows a
egeneracy of (2J+1) =6, while the 2F7/2 excited state has a degen-
racy of 8. However, as the energy associated with the 2F5/2 to 2F7/2
ransition (4000–8000 cm−1) is usually much larger than kBT at
oomtemperature (203 cm−1,withkB Boltzmannconstant) for such
f1 systems, only the ground state is populated at room tempera-
ure [39]. The electronic entropy contribution Soel(Np
6+) expressed
n Eq. (8), and associated with electronic transitions, was therefore
pproximated with the ground state contribution only, equal to
ln(2S+1) =Rln2 (S is the quantum spin number, i.e., S=1/2 in this
ase).
The subsequent calculation led to Soord = −4.86 JK−1 mol−1 and
o
ord/nR = −0.251. The latter value is in very good agreement with
he trend followed by the alkali and alkaline earth uranates as
hown in Fig. 4.
. Conclusions
The heat capacity of Na2NpO4 has been measured for the
rst time over the temperature range 2.1–301K using a Quan-
um Design PPMS calorimeter. The experimental heat capacity
alue at 298.15K is in good agreement with Neumann–Kopp’s
ule. The standard entropy ﬁts well the trend shown by the alkali
nd alkaline-earth uranates Na2UO4, MgUO4, SrUO4, and BaUO4.
omparing the Gibbs energy value derived herein for ˛-Na2NpO4
ith that of ˛-Na2UO4, the sodium neptunate was found slightly
ore stable than its isostructural uranium analogue. A summary of
he thermodynamic functions obtained at 298.15K is provided in
able 2.
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